Background. Hospital-acquired and ventilator-associated pneumonia (HAP/VAP; nosocomial pneumonia) due to Gramnegative pathogens are associated with significant morbidity and mortality; treatment options for multidrug-resistant infections are limited. The pivotal phase III REPROVE trial evaluated the efficacy of ceftazidime-avibactam (CAZ-AVI) vs meropenem in the treatment of patients with HAP/VAP. Study results for prespecified analyses per US Food and Drug Administration-recommended trial end points are reported here.
of patients with infections due to ceftazidime-nonsusceptible (CAZ-NS) Gram-negative pathogens, supporting approval for both indications in the United States and Europe [10] [11] [12] .
The global phase III REPROVE study (ClinicalTrials.gov, NCT01808092; EudraCT 2012-004006-96) evaluated the efficacy and safety of CAZ-AVI vs meropenem in the treatment of hospitalized adults with HAP/VAP (nosocomial pneumonia) due to Gram-negative pathogens, including CAZ-NS strains. Primary efficacy end points and analysis populations for the study were separately defined for the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) to comply with the respective regulatory requirements. Study results presented here for analyses according to the FDA-specified trial end points supported the recent FDA approval of CAZ-AVI for the treatment of adults with HAP/VAP, representing the first Gram-negative antimicrobial approved in the United States for this indication in over 15 years [15] . Results of the study according to the primary end points and analysis populations defined for the EMA have been previously reported [16] .
METHODS

Study Design
The REPROVE study design (Supplementary Figure 1) and conduct were previously described [16] . Additional details relevant to the summary of data for the US analyses are presented here. The study was conducted in accordance with the Declaration of Helsinki, Good Clinical Practice guidelines, and applicable regulatory requirements. The study protocol and amendments were approved by local ethics committees and/or institutional review boards.
Study Population
Patients were recruited in 24 countries. Eligible patients included hospitalized adults (aged 18-90 years) with HAP, defined as pneumonia with onset ≥48 hours after admission or within 7 days of discharge from an inpatient care facility, or VAP, defined as a parenchymal lung infection arising ≥48 hours after endotracheal intubation and mechanical ventilation. Key inclusion and exclusion criteria are provided in Supplementary  Table 1 .
Study Procedures
Patients were randomized 1:1 to receive either CAZ-AVI 2.5 g (2.0 g ceftazidime + 0.5 g avibactam) every 8 hours (q8h) intravenously (IV) over 2 hours (as approved for the treatment of complicated urinary tract and intra-abdominal infections) plus meropenem placebo, or meropenem 1 g q8h IV over 30 minutes plus CAZ-AVI placebo for 7 to 14 days. Treatment doses for both drugs were adjusted in patients with moderate to severe renal impairment at baseline (MSRIB; creatinine clearance [CrCl] 16-50 mL/min) (Supplementary Table 2 ). A protocol amendment in year 3 (of 4) of the study increased the CAZ-AVI dose for patients with MSRIB by 50% (MSRIB new ), consistent with the approved dose recommendations [7] based on emerging data from the phase III CAZ-AVI program [11] . From randomization, patients could receive empiric open-label  linezolid or vancomycin to cover for Gram-positive pathogens  and/or empiric open-label amikacin or other aminoglycoside  for possible MDR Gram-negative organisms for up to 72 hours,  pending pathogen identification and susceptibility results, after which open-label therapy was de-escalated as appropriate.
Outcome Measures
The primary end point for the US analysis was 28-day all-cause mortality (death from any cause by the day 28 visit [28-32 days from randomization]) in the intent-to-treat (ITT) population. Key secondary end points were clinical cure at test of cure (TOC; 21-25 days from randomization) in the ITT population and 28-day all-cause mortality in the microbiological ITT (micro-ITT) population. Additional secondary outcomes included clinical and microbiological responses in the micro-ITT population (including patients infected with CAZ-NS Gramnegative pathogens) and safety/tolerability throughout the study (Supplementary Table 3 ). Clinical and microbiological response definitions and definitions of the US analysis populations are provided in Supplementary Tables 4 and 5 , respectively.
Statistical Analysis
Noninferiority for the US primary end point was to be concluded if the upper limit of the 2-sided 95% confidence interval (CI) for the difference in 28-day all-cause mortality rate between treatments (CAZ-AVI minus meropenem) was <10%. The sample size ensured ≥90% power for a 10% noninferiority margin. Sensitivity and subgroup analyses for the primary end point were also performed. Noninferiority for the key secondary end point, clinical cure at TOC (ITT population), was to be concluded if the lower limit of the 2-sided 95% CI for the difference between treatments was above -10%. Details on statistical methodology are provided in the Supplementary Data.
RESULTS
Patient Characteristics
Between April 2013 and January 2016, 879 patients were randomized; 870 received treatment and were included in the ITT population (CAZ-AVI, n = 436; meropenem, n = 434) ( Figure 1 ). Median exposure to IV study drug in both treatment arms was 10 days. Patient demographics and disease characteristics were well balanced between treatment arms (Table 1) and were as expected for patients with HAP/VAP. Most patients (73.8%) had normal renal function or mild renal impairment (CrCl >50 and ≤150 mL/min) at baseline, and 14.0% had potentially augmented renal clearance (CrCl >150 mL/min). Among 102 (11.7%) patients in the ITT population with MSRIB (CrCl 16-50 mL/min), 62 (31 in each treatment arm) were enrolled before the protocol amendment for the increase in CAZ-AVI dose (MSRIB orig ), and 40 (CAZ-AVI, n = 21; meropenem, n = 19) were enrolled after the protocol amendment (MSRIB new ). As allowed per protocol, 81% of patients in both treatment arms received concomitant aminoglycoside antibiotics at any point up to end of treatment (EOT); for most patients, exposure was ≤72 hours.
The micro-ITT population comprised 382 patients (CAZ-AVI, n = 187; meropenem, n = 195) for whom ≥1 Gramnegative pathogen was isolated from baseline respiratory and/or blood culture, including 164 (43%) patients with polymicrobial infections, of whom 73 (19%) had both Gram-positive and Gram-negative aerobic pathogens isolated.
As Table 6 ). The distribution of baseline pathogens was similar between treatment arms, with the exception of P. aeruginosa, which was more prevalent in the CAZ-AVI arm. Among patients in the micro-ITT population, 108 (28.3%) were infected with ≥1 Gram-negative pathogen that was nonsusceptible to ceftazidime based on Clinical and Laboratory Standards Institute (CLSI)-defined criteria [17] In the 72 hours before randomization. c Exploratory analysis based on blinded review of postbaseline data.
CTX-M-15, and KPC-2 carbapenemase) and AmpC that were expected to be inhibited by avibactam in isolates from 115/382 (30.1%) patients in the micro-ITT population.
The MICs required to inhibit ≥90% of isolates with CAZ-AVI or ceftazidime for 339 Enterobacteriaceae isolates were 0.5 and 64 µg/mL, respectively, and 8 and 64 µg/mL for 111 P. aeruginosa isolates (micro-ITT population). Thus, the CAZ-AVI MIC distributions for Enterobacteriaceae and P. aeruginosa isolates were left-shifted compared with those for ceftazidime alone (Supplementary Figure 2) . Two K. pneumoniae isolates and 9 P. aeruginosa isolates were nonsusceptible to CAZ-AVI, and 6 Enterobacteriaceae isolates and 34 P. aeruginosa isolates were nonsusceptible to meropenem based on CLSI criteria.
Efficacy Results
Twenty-Eight-Day All-Cause Mortality
CAZ-AVI was noninferior to meropenem with respect to the US primary end point (28- Sensitivity analyses of the US primary end point (Supplementary Data) using multiple imputation of missing data at the day 28 visit, or excluding data for patients who were lost to follow-up, were consistent with the primary analysis (Supplementary Table 7) , as were subgroup analyses based on key patient characteristics for which mortality rates were broadly similar between the CAZ-AVI and meropenem arms ( Figure 2 ). All CIs for the difference between treatment arms included 0.
Clinical Cure
CAZ-AVI was noninferior to meropenem with respect to the key secondary end point (clinical cure at TOC; ITT population) based on a -10% noninferiority margin; clinical cure was achieved in 293 (67.2%) patients in the CAZ-AVI arm and 300 (69.1%) patients in the meropenem arm (difference, -1.9; 95% CI, -8.1 to 4.3). In the micro-ITT population, including patients infected with CAZ-NS pathogens, 75.5% and 71.2% in the CAZ-AVI and meropenem arms, respectively, achieved clinical cure at TOC (Figure 3 ). Clinical cure rates in both populations were slightly higher at EOT and were comparable between treatment arms. Favorable clinical response rates at TOC by baseline pathogen were generally similar between treatment arms across all baseline pathogens, although definitive comparisons are limited in these individual pathogen subsets (Table 3) .
Microbiological Response
The overall per-patient favorable microbiological response (eradication or presumed eradication) rates at TOC were similar between treatment arms in the micro-ITT and microbiologically evaluable populations, including patients infected with CAZ-NS pathogens (Figure 4) . Per-pathogen favorable microbiological response rates at TOC in the micro-ITT population were similar between treatment arms across all baseline pathogens, including CAZ-NS strains (Table 3) . Overall eradication rates in the micro-ITT population for CAZ-NS Gramnegative pathogens were 67.3% (35/52) in the CAZ-AVI arm and 51.6% (33/64) in the meropenem arm.
Among the subset of pathogens with an unfavorable microbiological response due to persistence of the baseline isolate, an increase in postbaseline MIC for study drug received (≥4-fold) was observed for 4/79 (5.1%) and 14/75 (18.7%) pathogens in the CAZ-AVI and meropenem arms, respectively, including 2/65 (3.1%) and 3/75 (4.0%) K. pneumoniae isolates in the CAZ-AVI and meropenem arms, respectively. Among P. aeruginosa isolates, however, 11/51 (21.6%) in the meropenem arm had an increase in postbaseline MIC, compared with 2/64 (3.1%) in the CAZ-AVI arm. The per-pathogen microbiological responses by MIC to study drug received were assessed for Enterobacteriaceae and P. aeruginosa. No trend in unfavorable microbiological outcomes was observed over the MIC range among Enterobacteriaceae isolates (CAZ-AVI MIC, 0.015 to 4 µg/mL; meropenem MIC, 0.008 to >8 µg/mL), nor among clinical isolates of P. aeruginosa (CAZ-AVI MIC, 0.5 to >256 µg/ mL; meropenem MIC, 0.06 to >8 µg/mL), suggesting that exposure to the study drug for both CAZ-AVI-and meropenemtreated patients was adequate. 
Safety
Overall, 74% of patients in both treatment arms experienced ≥1 adverse event (AE) during the study. The majority of reported AEs were of mild or moderate intensity and were balanced between treatment arms ( Table 4 ). The overall type and distribution of AEs were consistent with what is expected for patients with HAP/VAP and/or the known safety profile for both drugs. AEs resulted in discontinuation of study drug in 16 (3.7%) patients in the CAZ-AVI arm and 13 (3.0%) patients in the meropenem arm. Serious AEs (SAEs) were reported for 79 (18.1%) patients in the CAZ-AVI arm and 59 (13.6%) patients in the meropenem arm (Table 4) . Consistent with the disease under study, the most common SAEs (reported in ≥1% of patients in either treatment arm) were pneumonia, respiratory failure, and sepsis. SAEs assessed by the investigator as possibly related to study drug were reported for 5 (1.1%) CAZ-AVI and 2 (0.5%) meropenem patients and were generally consistent with the established safety profile of the study drugs [16] .
DISCUSSION
In the setting of a complex and evolving regulatory environment and the unique challenges to conducting randomized comparative studies in patients with HAP/VAP, there have been few registrational HAP/VAP trials conducted and no new antimicrobials approved for this indication by the FDA over the last decade [18] [19] [20] . Based on the positive results from the REPROVE study presented here, in 2018 the FDA approved CAZ-AVI for treatment of patients with HAP/ VAP. CAZ-AVI is thus the first new Gram-negative antibiotic approved in the United States for this indication in over 15 years [18] [19] [20] [21] . CAZ-AVI was noninferior to meropenem with respect to the FDA-specified primary end point of 28-day all-cause mortality in the ITT population and with respect to the key secondary end point of clinical cure at TOC in the ITT population. Results for the micro-ITT population and key patient subgroups were consistent with these analyses. Per-patient and per-pathogen Abbreviations: CAZ-AVI, ceftazidime-avibactam; CAZ-NS, ceftazidime-nonsusceptible; CLSI, Clinical and Laboratory Standards Institute; micro-ITT, microbiological intent to treat; TOC, test of cure. a Respiratory tract or blood source. Only pathogens with a combined total of ≥10 isolates across treatment arms (≥5 for CAZ-NS subset) are presented. Multiple isolates of the same species from the same patient are counted only once regardless of source (respiratory tract or blood) using the isolate with the highest minimum inhibitory concentration to study drug received.
b Proportion of patients assessed as a clinical cure at TOC visit; percentages are based on the total number of patients in the subgroup (N). c Defined as eradication or presumed eradication of the baseline pathogen at the TOC visit; percentages are based on the total number of unique pathogens (N). d CAZ-NS designation was determined according to CLSI criteria for the ceftazidime-resistant and -intermediate categories [17] .
favorable clinical and microbiological response rates were generally high and similar between treatment arms across all visits and analysis populations, including the subset of patients with CAZ-NS pathogens, which represented 28% of the micro-ITT population. Among patients infected with P. aeruginosa, a substantially higher proportion in the meropenem arm had persistence of the baseline pathogen associated with a ≥4-fold increase in postbaseline MIC to study drug received, raising concerns for potential treatment-emergent resistance. This is consistent with prior observations for imipenem-cilastatin in randomized controlled nosocomial pneumonia trials using other β-lactam or fluoroquinolone comparators, in which a higher incidence of treatment-emergent P. aeruginosa resistance was reported among carbapenem-treated patients [22] [23] [24] .
CAZ-AVI was well tolerated in patients with HAP/VAP; safety observations were consistent with the established safety profile for CAZ-AVI and/or ceftazidime [10] [11] [12] 25] . Although numerically higher among CAZ-AVI-treated patients, reported SAEs were consistent with the underlying illness and/ or anticipated clinical course and do not appear to represent a safety signal for CAZ-AVI in this population.
Taken together, data from REPROVE indicate that CAZ-AVI is an effective therapy for patients with HAP/VAP due to Gramnegative bacteria, including CAZ-NS strains. Study results demonstrating noninferiority vs a carbapenem comparator were robust across multiple sensitivity and subgroup analyses for the US primary end point and are consistent with previously reported analyses demonstrating noninferiority according to EMA-specified end points for HAP/VAP trials, reinforcing the robust nature of the data [16] .
Of note, the study provides the first phase III assessment of the currently labeled CAZ-AVI dose regimens for patients with CrCl of 16-50 mL/min [7] . The original protocol-defined CAZ-AVI renal dosage adjustments (MSRIB orig ) in REPROVE were consistent with those utilized in the earlier phase III CAZ-AVI studies [10] [11] [12] but were modified during the trial based on emerging data from the phase III cIAI study (RECLAIM), which indicated a potential for underdosing in MSRIB patients with rapidly improving renal function early in the course of treatment [11] . Based on updated population pharmacokinetic analyses and pharmacokinetic/pharmacodynamic target attainment simulations, the dosage regimens were changed for patients with MSRIB such that the total daily CAZ-AVI dose was increased by 50% (MSRIB new ) in order to ensure that CAZ-AVI exposure in patients with fluctuating renal function would be maintained within the range observed for patients with CrCl >50 mL/min. Extensive prespecified comparative analyses for the original (MSRIB orig ) and revised (MSRIB new ) dose regimens in this study provide reassuring data that the labeled dose recommendations are safe and effective in patients with renal impairment [26] .
Receipt of prior and/or concomitant antibiotics did not appear to confound the assessment of efficacy; subgroup and additional exploratory analyses evaluating the impact of potentially effective prior or concomitant antibiotics demonstrated minimal variation in mortality rates across subgroups of patients who received the FDA guidance-recommended exposures of ≤24 hours of prior and/or ≤72 hours of concomitant Gramnegative antibacterial therapy, including aminoglycosides, vs those who received >24 hours of prior and/or >72 hours of concomitant Gram-negative therapy [7, 15] .
The mortality rates observed in REPROVE were within the range reported for other contemporary HAP and VAP clinical trials [4, [27] [28] [29] [30] . A comprehensive review of data from rates from 10% to 30% across studies and HAP/VAP subtypes [31] , whereas a systematic review of 12 randomized controlled trials, including 3571 patients with VAP, reported 28-day allcause mortality of 8% to 35% across treatment arms and an overall risk of 19% to 20% [30] . The randomized controlled trials summarized in the current US treatment guidelines noted mortality rates of 8% to 40% across studies and treatment arms [4] . Across several of these HAP/VAP studies, mortality rates for patients treated with a carbapenem-based regimen, as per the comparator arm in the REPROVE study, were frequently among the lowest (<15%).
As noted in other studies, the mortality rates observed in clinical practice may fall near the higher end of the ranges noted above, as inclusion criteria in the controlled clinical trial setting generally restrict enrollment to exclude patients with immunosuppression, hemodialysis, or other comorbidities. However, review of the baseline patient characteristics typically associated with disease severity (eg, older age, APACHE II scores, resistant pathogens) indicates that the REPROVE study enrolled a representative HAP/VAP patient population consistent with that of previous trials [7, 31] .
In general, reported mortality rates in patients with nonventilated HAP are lower than in patients with VAP, and the overall mortality rates in REPROVE reflect this. However, patients with ventilated HAP have mortality rates approaching or exceeding those of patients with VAP, denoting this as a distinctly high-risk group [31] . Consistent with this observation, mortality rates in the REPROVE study were highest in patients with ventilated HAP and were balanced across treatment arms (CAZ-AVI, 18.8% [9/48] ; meropenem, 20.0% [8/40] ). Data for this subgroup are consistent with the FNIH summary of contemporary data [31] and with the primary analysis for the study, reinforcing the conclusion of noninferiority between CAZ-AVI and meropenem in the current trial.
A potential limitation of this study was that meropenem was administered as a 30-minute infusion, consistent with the approved product prescribing information [32] , whereas in clinical practice, there is likely some variation in treatment protocols, in which longer infusions are sometimes used for treatment of serious bacterial infections [33] [34] [35] . Recruitment of patients in the REPROVE study targeted enrollment from countries with high rates of HAP/VAP due to resistant pathogens. Because the study was originally designed to support approval outside the United States, no US centers participated in the study. However, patients in the study were demographically, clinically, and microbiologically representative of a US HAP/VAP population [7, 27, 31] .
In summary, analyses of data from the pivotal REPROVE study demonstrated the noninferiority of CAZ-AVI to meropenem in the treatment of HAP/VAP according to FDA guidance-specified end points. CAZ-AVI therefore offers an important new treatment option and alternative to carbapenems in patients with HAP/VAP caused by Gram-negative pathogens, particularly in the setting of proven or suspected bacterial resistance.
Supplementary Data
Supplementary materials are available at Open Forum Infectious Diseases online. Consisting of data provided by the authors to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the authors, so questions or comments should be addressed to the corresponding author.
